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ABSTRACT
We present the first images of the nebula around η Carinae obtained with the Wide
Field Camera 3 (WFC3) onboard the Hubble Space Telescope (HST), including an
ultraviolet (UV) image in the F280N filter that traces Mg ii emission, plus contem-
poraneous imaging in the F336W, F658N, and F126N filters that trace near-UV con-
tinuum, [N ii], and [Fe ii], respectively. The F336W and F658N images are consistent
with previous images in these filters, and F126N shows that for the most part, [Fe ii]
λ12567 traces clumpy shocked gas seen in [N ii]. The F280N image, however, reveals
Mg ii emission from structures that have not been seen in any previous line or con-
tinuum images of η Carinae. This image shows diffuse Mg ii emission immediately
outside the bipolar Homunculus nebula in all directions, but with the strongest emis-
sion concentrated over the poles. The diffuse structure with prominent radial streaks,
plus an anticorrelation with ionized tracers of clumpy shocked gas, leads us to suggest
that this is primarily Mg ii resonant scattering from unshocked, neutral atomic gas.
We discuss the implied structure and geometry of the Mg ii emission, and its relation
to the Homunculus lobes and various other complex nebular structures. An order of
magnitude estimate of the neutral gas mass traced by Mg ii is 0.02M⊙, with a corre-
sponding kinetic energy around 1047 erg. This may provide important constraints on
polar mass loss in the early phases of the Great Eruption. We argue that the Mg ii
line may be an excellent tracer of significant reservoirs of freely expanding, unshocked,
and otherwise invisible neutral atomic gas in a variety of stellar outflows.
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1 INTRODUCTION
The massive evolved star η Carinae is surrounded by a beau-
tifully complex system of nebulosity that seems to get more
complicated and interesting the closer we look. The main
components in images are the prominent bipolar nebula
known as the “Homunculus” (Gaviola 1950), which is mostly
a dusty reflection nebula, as well as the more extended
ragged splash of ionized condensations known as the “Outer
Ejecta” (Walborn 1976). The Outer Ejecta are accompanied
by a large shell seen in soft X-rays (Seward et al. 2001), in-
dicating that fast ejecta are overtaking and shocking older,
slower material from previous mass loss. The Outer Ejecta
are N-rich (Walborn 1976; Davidson et al. 1982), while the
degree of N enrichment is greater inside the X-ray shell than
outside of it (Smith & Morse 2004). These nebular features
represent the combined mass loss of a few energetic, eruptive
mass loss events over the past several hundred years, includ-
⋆ E-mail: nathans@as.arizona.edu
ing the “Great Eruption” in the mid-19th century and ear-
lier undocumented events (Morse et al. 2001; Kiminki et al.
2016; Smith 2017). Although poorly understood, episodic
mass loss may play an important role in stellar evolution
(Smith & Owocki 2006; Smith 2014), at least for a subset
of stars in interacting binaries (Smith & Tombleson 2015;
Aghakhanloo et al. 2017).
The eruption of η Car and its resulting nebula are
uniquely valuable for studying episodic mass loss from
massive stars because we have the historical visual mag-
nitudes of the 19th century outburst (Herschel 1847;
Smith & Frew 2011), along with light-echo spectroscopy of
reflected light from the event (Rest et al. 2012; Prieto et al.
2014; Smith et al. 2018a,b), both of which can be compared
to contemporary extragalactic analogs of LBV eruptions
(Van Dyk & Matheson 2012; Smith et al. 2011). Unlike ex-
tragalactic LBV eruptions, we can also dissect the structural
details of the remnant ejecta nebula that is the mass-loss
product of that previous event, and we can study the cur-
rent post-eruption state of the surviving star.
c© 2019 The Authors
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While the mass loss in the 19th century erup-
tion has traditionally been discussed as the result of
a clumpy super-Eddington radiation-driven wind (Shaviv
2000; Owocki et al. 2004; van Marle et al. 2008, 2009), some
clues have hinted that an explosive mechanism may have
been important. These clues include a high ratio of kinetic
to radiated energy (Smith et al. 2003b), the very thin walls
and double-shell structure of the Homunculus lobes (Smith
2006, 2013), and some very high observed velocities in the
outer ejecta (Smith 2008). Smith (2013) outlined how the
nebula and historical light curve could be reconciled with a
model where the light curve was powered by the shock inter-
action between fast explosive ejecta and slower circumstel-
lar material (CSM interaction), analogous to a scaled-down
version of a Type IIn supernova (SN). More recently, spec-
troscopy of light echoes from η Car’s eruption provide strong
confirming evidence of a shock-powered event (Smith et al.
2018a,b), revealing extremely high speed ejecta expanding
at around 10,000 km s−1 or more, seen simultaneously with
slower ejecta around 150 and 600 km s−1, and a time se-
quence of echo spectra that closely mimics the spectral evo-
lution seen in Type IIn SNe powered by CSM interaction.
These recent data imply that the current nebulosity
around η Car may closely resemble a low-energy super-
nova remnant (SNR). Obviously the nature of the explo-
sive event was different, since core-collapse SNe are ter-
minal explosions, whereas η Car’s 19th century eruption
was an incomplete, non-terminal explosion that left be-
hind a surviving very massive star. Nevertheless, the cur-
rent X-ray shell is quite similar to an SNR in some ways
(Seward et al. 2001), and the highly clumped, N-rich outer
ejecta can be understood as post-shock cooling features,
analogous to shocked CSM material like the N-rich quasi-
stationary flocculi in Cas A (Chevalier & Kirshner 1978;
Chevalier & Liang 1989). Walborn (1976) pointed out the
similarity between η Car’s Outer Ejecta and these features
in Cas A many years ago. Interestingly, the physical param-
eters of η Car’s eruption also provide a surprisingly good
match to predictions of multiple massive shell collisions that
occur in exotic events such as pulsational pair instability
SNe (Woosley 2017). Compared to traditional core-collapse
SNe, non-terminal explosions are, however, relatively unex-
plored and far less well understood; detailed analysis of the
structure, kinematics, and excitation of nebulosity resulting
from such an event may be quite valuable for constraining
future models.
The Hubble Space Telescope (HST) has had a tremen-
dous impact on our understanding of η Carinae and
its nebula. The first HST images of η Carinae with
WF/PC (Hester et al. 1991), WFPC2 (Morse et al. 1998),
and ACS/HRC (Smith et al. 2004a) each revealed new, com-
plex, and sometimes mysterious structural details in the
nebula.1 Multi-epoch images with HST also reveal detailed
photometric variability on small spatial scales in the nebula
(Smith et al. 2000, 2004b; Smith 2017), as reflected starlight
1 Note that in this discussion we are referring to previous work
on the extended nebula around η Car. In the interest of brevity,
we do not refer to the vast literature concerning the central star,
its immediate vicinity, its binary-induced multi-wavelength vari-
ability, or its colliding stellar winds.
and line emission respond to variations of the star during its
5.5 yr orbital cycle (Damineli 1996) and long-term changes.
The unprecedented angular resolution of HST has also en-
abled high-precision proper-motion measurements for the
expanding Homunculus and other ejecta close to the star
(Currie et al. 1996; Morse et al. 2001; Dorland et al. 2004;
Smith et al. 2004a; Weigelt & Kraus 2012; Smith 2017). The
most recent results, with a baseline over nearly the entire
post-COSTAR lifetime of HST, yield a precise dynamical
date of origin for the Homunculus of 1847.1 ±0.8 yr (Smith
2017), while some features close to the star and inside the
Homunculus are younger (Dorland et al. 2004; Smith et al.
2004a). Similarly, HST images have been used to measure
the proper motions of the Outer Ejecta (Morse et al. 2001;
Kiminki et al. 2016), revealing a mix of dynamical ages that
indicate previous mass-loss episodes centuries before the
Great Eruption. Overall, these HST images largely trace
starlight scattered by dust in the Homunculus (with some
contribution from line emission in various features), and line
emission from shock-ionized gas in the Outer Ejecta.
Additionally, both ground-based and HST spec-
tra have provided radial velocities that, when com-
bined with structures in images, helped to decipher
the 3-D structure and kinematics of the Homunculus
and Outer Ejecta (Hillier & Allen 1992; Weis et al. 1999,
2001; Weis 2012; Davidson et al. 2001; Currie et al. 2002;
Ishibashi et al. 2003; Smith 2002a, 2004, 2005, 2006, 2008;
Smith et al. 2003a; Teodoro et al. 2008; Weigelt & Kraus
2012; Steffen et al. 2014; Mehner et al. 2016). High angu-
lar resolution mid-infrared (mid-IR) and submm images
have traced thermal emission from warm dust in the thin
Homunculus lobes and equatorial region (Chesneau et al.
2005; Smith et al. 2003b, 2018c), while near-IR line emission
from H2 (Smith & Davidson 2001; Smith 2002a, 2004, 2006;
Smith & Ferland 2007; Steffen et al. 2014) and UV absorp-
tion in the line of sight through the SE polar lobe (Gull et al.
2005, 2006; Nielsen et al. 2005; Verner et al. 2005) have
probed the thin molecular shell and dense atomic gas in
the Homunculus walls.
A rarely noted feature that is directly relevant to
the discussion here is a polar bubble or shell immedi-
ately outside the Homunculus south-east (SE) lobe seen in
Ca ii HK absorption and He i λ10830 absorption (Smith
2002a; Davidson et al. 2001), and in emission lines like Hα
and [N ii] λ6584 (Currie et al. 2002; Smith et al. 2003a;
Mehner et al. 2016), and near-IR [Fe ii] (Smith 2002a).
There may be a corresponding bubble over the NW polar
lobe (Mehner et al. 2016), but it cannot be seen in absorp-
tion. Currie et al. (2002) referred to the SE polar bubble as
the “ghost shell”, although it may be a more complex struc-
ture as discussed below. It appears related to – but is not
the same as – features seen in our new Mg ii image.
Here we present the first UV images of η Car in the light
of emission from the Mg ii λλ2796, 2803 resonant doublet
taken through the F280N filter with the HST Wide Field
Camera 3 (WFC3). UV imaging at similar wavelengths in
broad continuum filters (F220W and F250W) obtained with
the ACS High Resolution Channel (HRC) was reported pre-
viously (Smith et al. 2004a,b), but had shorter exposures
only tracing the bright Homunculus, dominated by dust-
scattered starlight plus some diffuse line emission that cre-
ates a “Purple Haze” close to the star. The new Mg ii images
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Table 1. WFC3 UVIS and IR Channel Observation Loga
UT Date Filter λpeak/Width Diagnostic Total
(2018) (A˚) (Ejecta) Exposure
05 Mar F280N 2798/43 Mg ii 7860s
06 Mar F126N 12590/152 [Fe ii] 1997s
25 Jul F280N 2798/43 Mg ii 6, 40 s
25 Jul F336W 3375/511 NUV, [N i] 1, 16, 240s
25 Jul F658N 6585/28 [N ii] 1, 16, 540s
a Programs GO-15289 and GO-15596.
presented here are deeper, and the UV line emission reveals
structures not traced by any previous diagnostic. Section 2
presents the new HST/WFC3 observations, Section 3 briefly
lists the main results of the imaging, and Section 4 includes
an interpretation of various features, an analysis of the Mg ii
emission, and discusses the structure of the Homunculus and
Outer Ejecta in context with several other multi-wavelength
diagnostics from the literature.
2 OBSERVATIONS
η Car was observed through the UVIS and IR channels of
WFC3 in two observing epochs. The initial observations
(HST program ID 15289) occurred in March 2018 through
the UVIS F280N (Mg ii) filter and IR F126N ([Fe ii]) and
F130N (IR continuum) filters.
We used the standard STSDAS pipeline image re-
duction process for all images, which performed bias-
subtraction, flat-fielding, removal of cosmic rays, geomet-
ric distortion correction and flux calibration. Small off-
sets/dithers were used during the observations to recognize
and correct for bad pixels on the UVIS CCD detectors and
to limit the number and bleeding of saturated CCD pixels
caused by the bright central star. Ultimately, twelve 655 sec
F280N exposures, for a total exposure time of 7860 secs,
were combined by the DRIZZLE task into a single Mg ii im-
age. This deep image was captured to trace emission from
the fast-moving ejecta outside of the Homunculus; however,
as a result the inner ∼1 arcsecond around the central star
was saturated in the final processed image.
The IR channel observations were programmed to avoid
placing the central star on the detector. Using different roll
angles and spatial offsets, the central star was moved sequen-
tially off the edges of the square detector so that the rims of
the Homunculus lobes and outer ejecta could be observed.
Unfortunately, two of the four orientations appear to have
experienced guiding problems, so that F126N and F130N
mosaics of the entire region around the Homunculus were
not possible. In this study, we focus on the F126N ([Fe ii])
image in the orientation that captured the rim of the SE
lobe, S Ridge and E Condensations, using the terminology
of Walborn et al. (1978), and compare this to the emission
observed through other filters.
The purpose of comparing the UV Mg ii and near-IR
[Fe ii] is that these ions trace similar temperatures in post-
shock gaseous structures. These lines appear in radiative
shock models (Hartigan et al. 1987, 2004), along with other
common visible emission lines (Hα, [N ii], [S ii], etc.) from
different temperature regimes, and may be compared to in-
dicate local density, extinction and/or abundance variations.
Also, the near-UV imaging offers the highest spatial resolu-
tion full-field WFC3 emission-line imaging.
As discussed in more detail in Sec. 3, there is significant
overlap between the Mg ii and [N ii] emission, particularly
in bright [N ii] outer ejecta knots such as the S Conden-
sation. However, those are not the brightest features in the
Mg ii image, which instead reveals a host of hitherto unseen
filaments and structures related to both bipolar and equa-
torial structures. The Mg ii emission largely complements
– that is, lies adjacent to, often along contiguous structures
– the [N ii] emission. This intriguing relationship was evi-
dent even when comparing the new F280N image with HST
WFPC2 F658N images from the 1990s, despite arcsecond-
scale proper motions of the bipolar lobes and outer debris.
In order to make detailed comparisons at the scale of small
knots and filaments, we therefore requested and were ap-
proved for 1 orbit of Director’s Discretionary Time (pro-
gram ID 15596) to obtain contemporaneous WFC3 [N ii]
(F658N) and blue continuum (F336W) observations, which
were filters used in past imaging HST imaging campaigns.
We also acquired short duration Mg ii (F280N) images to
mitigate the saturated pixels near the central star in the
original program.
Sequences of images with different exposure times were
obtained in July 2018 through the F280N, F336W and
F658N filters in order to cover the large dynamic range be-
tween the η Car central star and faint filaments in the outer
debris (see Table 1). In order to fit the exposure sequences
into a single WFC3 buffer dump to the HST solid state
recorder, we used 1024×1024 subarrays for the short and
medium exposures – since we were only interested in the
pixels around the central star – and then 2048×2048 sub-
arrays for the longest F336W and F658N exposures. Satu-
rated pixels near the central star and associated bleeding
in longer exposures were masked out, and pixel flux val-
ues from shorter exposure images were scaled and substi-
tuted. Even though the 2048×2048 subarray used for the
long exposures was only a quarter of the full WFC3 field
of view, the images covered most of the important Outer
Ejecta and, at 40 milli-arcseconds per pixel, had essentially
the same field of view as previous WFPC2 WF camera im-
ages (approximately 800x800 at ∼100 milli-arcseconds per
pixel) but with better than PC resolution. Finally, we de-
convolved each image conservatively for 3 iterations using
the Lucy-Richardson algorithm provided in STSDAS. The
images were rotated and aligned to our historical dataset of
WFPC2 images using IRAF2 tasks and about seven stars
common to all images as tie points.
Table 1 summarizes the observations used in this study,
indicating the filters, exposure times, and principal contrib-
utors to the observed features. We note that every image
through all the filters contains some sort of internal reflec-
tion ghost and/or scattered light from the bright central
star, which vary as a function of HST roll angle and where
the central star was placed in the field of view. Such artifacts
2 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which is operated by the Association of Universities
for Research in Astronomy, Inc. (AURA) under cooperative agree-
ment with the National Science Foundation. The Space Telescope
Science Data Analysis System (STSDAS) is distributed by the
Space Telescope Science Institute.
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Figure 1. Comparison of new deconvolved near-UV HST/WFC3 images of η Car in the F280N Mg ii filter (a,b), the F336W near-UV
continuum filter (c), and the F658N [N ii] λ6584 filter (d). Panels a and b show the same F280N image with two different intensity
stretches, with Panel a scaled to show brighter features for comparison with the F336W continuum image, and with Panel b scaled to
show the faintest detected Mg ii emission.
limit how faint we can see in certain regions, and we there-
fore focus on the Homunculus and brighter Outer Ejecta
emission-line features. We also note detectable fractional-
pixel proper motions of the fast-moving debris between the
March 2018 exposures through the F280N filter and those
from July 2018 through F336W and F658N. The motions
are barely discernible when blinking the images in an im-
age display, but we nonetheless avoid over-interpreting very
small-scale differences until we can obtain images within the
same day or week in a future campaign.
It is also important to keep in mind, particularly for the
narrowband filters, the limited and varying velocity ranges
that are recorded in the images. The F658N filter has the
narrowest width (see Table 1), covering a velocity range in
[N ii]λ6583 emission of about ±650 km s−1, plus redshifted
Hα emission from about +350 to +1600 km s−1. The F280N
filter covers a larger velocity range in Mg ii emission of about
±2300 km s−1, while the near-IR F126N filter covers ±1800
km s−1 in [Fe ii]. Given these velocity range differences, it
is possible that there is some missing emission when com-
paring the morphologies in the different diagnostic features.
Nevertheless, given the similarities between the [Fe ii] and
[N ii] emission features, and how distinct the Mg ii features
between the Homunculus lobes and outer, [N ii]-bright ejecta
generally are (see discussion below), we believe that the ob-
served emission represents real distributions of the neutral
MNRAS 000, 1–?? (2019)
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Figure 2. Color HST/WFC3 image of η Car with F280N in blue, F336W in green, and F658N in red.
and ionized gas, and are not artifacts of the different fil-
ter widths. Future proper-motion and spectroscopic obser-
vations could definitively verify this.
3 RESULTS
Various features in the new WFC3 images are discussed in
the following subsections. Figure 1 shows the deconvolved
WFC3-UVIS images in the F280N (two intensity ranges),
F336W, and F658N filters. Figure 2 presents a 3-color com-
posite of these same images with F280N in blue, F336W in
green, and F658N in red. Figure 3 shows the portion of the
Outer Ejecta imaged in [Fe ii] emission in the F126N filter
of WFC3-IR, as well as aligned portions of the same three
WFC3-UVIS images as in previous figures. Figure 4 shows
intensity scans crossing the Homunculus at several positions
parallel to the polar axis in the F280N (blue), F336W (gray),
and F658N (orange) filters. Figure 5 shows images represent-
ing the intensity ratio of F280N/F336W and F280N/F658N,
highlighting the differences between Mg ii emission and the
other lines. Finally, Figure 6 illustrates the spatial relation-
ship between the 0.5-7 keV X-ray emission from the Outer
Ejecta seen by Chandra, shown in purple, and the same 3-
color WFC3-UVIS image from Figure 2.
3.1 F280N Mg II Emission
In the F280N filter, the main part of the bipolar Homunculus
nebula is dominated by near-UV dust-scattered starlight,
just as it is in most broad band UV/optical filters, and very
similar to the near-UV scattered continuum in the F336W
filter (compare Figures 1a and 1c). However, F280N also
reveals Mg ii emission structures immediately outside the
Homunculus that are either absent or far less pronounced at
any other wavelength range that we are aware of (Figure 1;
compare panels a & b to c & d). Previous UV spectra confirm
that Mg ii emission dominates the flux in the F280N filter
at locations in the Outer Ejecta near the S Condensation
(Davidson et al. 1982; Dufour et al. 1999).
In general, the brightest F280N emission outside the
Homunculus appears anticorrelated with [N ii] emission in
the F658N filter. This is best appreciated in the color image
in Figure 2 where F280N emission (blue) dominates at most
locations immediately outside the main polar lobes of the
Homunculus, whereas F658N emission (red) is stronger in
MNRAS 000, 1–?? (2019)
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Figure 3. Images aligned to the [Fe ii] F126N image, which covered only part of the region around η Car in order to avoid the extremely
bright central star. (a) The F126N image, sampling [Fe ii] λ12567, (b) the F280N image, (c) the F658N image including [N ii] λ6584 and
some redshifted Hα, and (d) the F336W image, which includes mostly near-UV continuum, but includes some line emission from [N i]
λ3466 and various fainter Fe ii lines. The bright background in F658N and F336W is due to ghost images of the central star. Positional
offsets in arcsec are from an arbitrary point at the center of the image.
a shell at larger separation from the star. Figure 2 gives
the impression that Mg ii emission fills the cavity inside
the [N ii]-emitting shell. While a subset of the features seen
in F280N can also be seen in F336W and/or F658N, the
morphology and intensity distribution is different between
these filters, and many structures are only seen in one filter.
Spatial intensity scans of F280N, F336W, and F658N
flux are shown in Figure 4, showing that the strength of
Mg ii emission immediately outside the Homunculus is al-
most as bright as the scattered near-UV continuum of the
polar lobes, whereas the F336W and F658N flux drops pre-
cipitously at the outer boundary of the polar lobes. F658N
(in some directions) brightens at larger separation, whereas
the F280N flux tends to decline smoothly with increasing
separation from the star.
Ratio images of F280N/F336W and F280N/F658N are
shown in Figures 5a and 5b, respectively. These highlight
structures that are particularly enhanced in Mg ii line emis-
sion but not in other tracers, because they divide out the
near-UV or red continuum scattered light, as well as the
Hα and [N ii] line emission. While Mg ii emission is seen
from a blue halo encircling the Homunculus in Figure 2, it is
also evident from Figure 5 that the Mg ii emission is most
pronounced over the poles.
Strong Mg ii emission, combined with a lack of Hα or
[N ii], indicates that the F280N filter in regions immedi-
ately outside the Homunculus (blue in Fig.2, black in Fig.5)
is tracing predominantly neutral atomic gas (i.e., neutral H,
but low-ionization metals), because Mg0 is ionized to Mg+ at
7.6 eV, whereas Mg+ is ionized at 15 eV. Below in Section 4.1
we discuss why we favor an interpretation of resonant scat-
tering for the Mg ii line production rather than post-shock
cooling emission. Furthermore, as previously noted, given
that the Mg ii emission generally lies spatially between the
Homunculus lobes and outer ejecta bright in [N ii] – such as
the S Condensation – we do not believe that the larger veloc-
ity range transmitted through the F280N filter is responsible
for the morphological differences, and indeed indicates that
MNRAS 000, 1–?? (2019)
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Figure 4. Intensity scans across the Homunculus in WFC3/UVIS images. Top panel (a) shows a portion of the F280N image of the
Homunculus, rotated clockwise by 40◦ so that the polar axis is horizontal. Positions of four scans across the nebula are indicated
(northeast 1 and 2, southwest 1 and 2). Panels b (northeast 2), c (northeast 1), d (southwest 1), and e (southwest 2) show intensity
scans along the positions indicated in panel a. Each of these scans averaged the flux across 3 spatial pixels, or 0.′′07. Blue is the line flux
in the F280N filter. Orange and grey show scaled intensities of F658N and F336W, respectively, where their relative intensity has been
adjusted roughly to match the F280N flux of the polar lobes of the Homunculus for comparison.
the Mg ii emission (neutral gas) may be confined to lower
velocities than the ionized features seen in [N ii].
3.2 F336W and F658N
New images in the F336W and F658N filters (Figs. 1c and
1d) show qualitatively the same structure as seen in previ-
ous epochs of imaging, as described already by Morse et al.
(1998) and other authors. We do not analyze these images
further, except to compare them with new images in the
F280N and F126N filters. For a detailed comparison with
F280N emission, new images in these filters were needed be-
cause of the rapid expansion of the nebula.
The flux detected in the broad F336W filter is dom-
inated by near-UV starlight scattered by dust grains in
the Homunculus, but there is also a minor contribution
from emission lines of low-ionization metals. In the Outer
Ejecta, there is no strong contribution from high ioniza-
tion lines like Ne iii or Ne v as in some supernova rem-
nants (Sutherland & Dopita 1995; Blair et al. 2000). Refer-
ring to the archival HST FOS UV spectrum of the S Con-
densation (see Dufour et al. 1999), the strongest emission
line in the F336W bandpass is [N i] λ3466. Such emission
is not surprising given the N-rich abundances in the Outer
Ejecta, and the wide range of ionization (Davidson et al.
1982; Smith & Morse 2004). This [N i] emission is faint, and
it appears to track the [Fe ii] and [N ii] emission (see below).
MNRAS 000, 1–?? (2019)
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Figure 5. Ratio images. (a) Relative flux ratio of F280N / F336W. Features that are relatively bright in F280N are dark, and the near
UV continuum or [N i] emission is light. (b) Ratio image of F280N / F658N, where regions with relatively strong Mg ii emission are
dark, and locations of strong [N ii] emission are light. The lighter regions of diffuse background at the left portions of each panel are due
mostly to excess flux from ghost images of the bright central star in the F336W and F658N images.
The narrow F658N filter is also dominated by scattered
continuum starlight in the bipolar lobes of the Homuncu-
lus (or perhaps more accurately, a combination of scattered
continuum plus dust-scattered and redshifted Hα from the
central star’s wind; see Smith et al. 2003a), but is primarily
tracing intrinsic [N ii] λ6584 emission and a small amount of
redshifted Hα recombination emission in the Outer Ejecta.
In the Outer Ejecta, this emission traces gas that has been
collisionally excited and ionized by a shock, which is rapidly
cooling and fragmenting. This is why the F658N image of
the Outer Ejecta has a morphology consisting of a com-
plex arrangement of strings, clumps, shells, filaments, etc.
(Morse et al. 1998; Smith & Morse 2004; Weis et al. 1999,
2001).
3.3 F126N [Fe II] Emission
Near-IR emission from [Fe ii] (especially the pair of strong
lines at 12567 and 16435 A˚) is seen from the shell nebulae
around several LBVs, including η Carinae, P Cygni, and oth-
ers (Hillier & Allen 1992; Smith 2002a,b; Smith & Hartigan
2006). These lines are thought to be strong in LBVs because
the shells are composed of dense, low-ionization gas (Smith
2002b; Smith & Hartigan 2006). LBVs are strong sources
of non-ionizing Balmer continuum UV radiation, but their
dense winds can absorb much of the Lyman continuum flux.
Figure 3 shows a WFC3/IR-channel image in the near-
IR F126N filter, which samples [Fe ii] λ12567. The field of
view is offset to the SE from the star to avoid the bright
central star and the core of the Homunculus; even the SE
lobe is saturated in this image. Three other pointings (to
the NE, NW, and SW of the star) were planned, but the re-
sulting exposures suffered from tracking problems and other
issues that compromised the quality of the images (as noted
above in Section 2).
Figure 3 also shows images aligned to this F126N image
in three other filters: F280N (Mg ii), F658N (Hα and [N ii]
λ6583), and F336W (near-UV continuum plus some weaker
emission from [N i] λ3468 and several Fe ii lines). From this
comparison, it seems clear that the [Fe ii] line emission is
tracing mostly the same gas that glows brightly in the [N ii]
line in F658N. The E condensations and the dense knots
that compose the S Ridge are seen clearly in both F126N
and F658N. Since the N-rich knots in these Outer Ejecta
exhibit a wide range of ionization in lines from [N i] to N v
(Davidson et al. 1982), they are tracing dense condensations
that are rapidly cooling after being ionized by a shock.
On the other hand, the emission in the F280N filter is
tracing very different emitting structures from the F658N
and F126N filters. Although some of the F280N emission
outside the SE lobe overlaps with features seen in F658N,
these emitting structures have a very different morphology
and radial extent. The F280N emission arises from an en-
tirely different set of gaseous structures, or perhaps a combi-
nation of these different structures and some emission from
the same knots seen in F658N and F126N. (Spectra of the
Mg ii line are needed to determine if the radial velocities
are distinct from the velocities of [N ii] and [Fe ii] emission.)
Whereas the F658N and F126N filters trace a series of dense
clumps that are separated from the Homunculus, the F280N
emission is more diffuse, and often exhibits radial streaks im-
mediately outside the polar lobes of the Homunculus. The
F280N structures are therefore both morphologically and
spatially distinct from the shocked [N ii] and [Fe ii] clumps.
This is one of the main reasons we favor the interpretation
that the emission in the F280N filter is resonant scattering
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Figure 6. The adaptively smoothed 0.5-7 keV X-ray image of the Outer Ejecta as seen by Chandra ACIS-S is shown in purple.
Processing and analysis of similar Chandra imaging of η Car’s Outer Ejecta have been discussed in detail previously (Seward et al. 2001;
Corcoran et al. 2004; Hamaguchi et al. 2014). The 3-color WFC3/UVIS image from Figure 2 is superposed.
of Mg ii from freely expanding, low-ionization, unshocked
ejecta outside the Homunculus (see below).
4 DISCUSSION
4.1 Mg II Resonant Scattering
We propose that the bulk of the Mg ii emission detected in
the F280N filter that is seen outside the Homunculus but
inside the N-rich shell of Outer Ejecta arises predominantly
from resonant scattering in the Mg ii λλ2796,2803 doublet.
Resonant scattering traces warm neutral atomic gas, rather
than recombination emission from ionized and cooling post-
shock gas. Although Mg ii line intensity ratios, line profiles,
and radial velocities in spectra will be helpful to confirm
this, our conjecture of resonant scattering based on images
alone relies upon 3 key observed properties:
1. The structures immediately outside the Homunculus
are unique to images in the F280N filter; these structures
are not seen in any other continuum or emission line images
of η Car that we are aware of. Since they are not seen in
the adjacent broad F336W filter, they are not due to UV
continuum scattered light and must be Mg ii line emission.
However, gas that emits Mg ii through recombination or
collisional excitation because it is photoionized or shock ex-
cited would also be seen in other emission-line diagnostics
like Hα, [N ii], or [Fe ii]. Resonant scattering is a mechanism
to preferentially cause Mg ii emission.
2. The morphology of the F280N features shows radial
streaks and a smoother overall distribution than other line-
emitting features in the Outer Ejecta. Long, smooth, ra-
dial streaks may arise naturally if they are tracing beams of
scattered starlight escaping through holes and cracks with
low optical depth, in between dust clumps. Indeed, the po-
lar lobes of the Homunculus present a complicated network
of dust clumps and filaments (Morse et al. 1998). Shad-
ows cast by these clumps contribute to the contrast of the
streaks, with dark lanes projecting out radially. Similarly,
long wavelength imaging of the equatorial belt inside the
Homunculus reveals a clumpy, disrupted torus with holes
through which starlight can escape (Chesneau et al. 2005;
Smith et al. 2002, 2018c, 2003b). This may help account for
the prominent radial streaks that connect the Homunculus
equatorial skirt to shocked clumps in the NN Jet and S Con-
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densation. However, since these radial streaks are absent,
less prominent, or have different intensity distributions in
continuum images, they cannot be due to dust scattering.
Line resonance scattering is needed. In stark contrast, emis-
sion features in the Outer Ejecta seen in other lines like [N ii]
and [Fe ii] — which are expected to trace post-shock cool-
ing emission — do not show a smooth and radially streaked
morphology. Instead, these lines trace a highly complex net-
work of small-scale clumps and filaments that might arise
naturally from rapid radiative cooling in dense post-shock
gas.
3. The location of the most prominent F280N emission
appears as a diffuse halo sandwiched in between a thin shell
of cold, dense, molecular gas and dust in the Homunculus
(Smith 2002a, 2006; Smith et al. 2003b) at its inner bound-
ary, and the shell of hot, shock-ionized outer ejecta (Walborn
1976; Davidson et al. 1982; Smith & Morse 2004; Weis et al.
1999, 2001) at its outer boundary. This is an intermediate
ionization transition zone where one might naturally ex-
pect to find warm and predominantly neutral atomic gas,
well-suited to produce Mg ii resonance scattering if it is
bathed in non-ionizing radiation. Indeed, this region is ex-
posed to strong near-UV Balmer continuum (non-ionizing
radiation) from η Car at locations where starlight can es-
cape through cracks in the clumpy Homunculus. This is
non-ionizing Balmer continuum starlight that escapes, be-
cause essentially all the Lyman continuum is choked off at
much smaller radii by η Car’s extremely dense stellar wind
(Hillier et al. 2006; Smith et al. 2003a). This escaping near-
UV starlight can ionize Mg0 to Mg+ (7.6 eV), but because
there are no Lyman continuum photons, it cannot ionize the
gas to Mg++ (requiring 15 eV). This makes it highly prob-
able that near-UV starlight escaping through holes in the
Homunculus will encounter Mg+ atoms in the ground state,
and emit the streaked Mg ii λλ2796,2803 that we see.
The Mg ii λλ2796,2803 resonant doublet (3s2S−3p2P 0)
is magnesium’s analog of the Ca ii HK lines. Ca ii HK emis-
sion may be weaker or absent in this same region, however,
because of the lower Ca abundance (relative to Mg) at so-
lar metallicity, and because Ca+ can be ionized to Ca++ by
near-UV photons above 11.8 eV but below 13.6 eV, which
may escape η Car’s stellar wind and the Homunculus. It is
interesting to note, however, that Ca ii HK has been de-
tected in long-slit spectra, but seen in absorption arising
from a thin shell of neutral gas immediately outside the SE
polar lobe of the Homunculus (Davidson et al. 2001; Smith
2002a). This Ca ii structure in absorption is not the same
as the Mg ii emission structures discussed here, but it may
be related (see Section 4.3 below).
Generally, Mg ii emission is seen in all directions imme-
diately outside the Homunculus and inside the N-rich shell
that includes the S Ridge, S Condensation, and NN Jet, but
the Mg ii emission is brightest over the poles, while the
spikes are most dramatic in the equatorial skirt. Regions
with strong Mg ii emission also tend to be locations where
[N ii] emission is relatively weak. Some of the detailed Mg ii
features are discussed below.
4.2 Structure of Mg II over the poles and the
Ghost Shell
Much of the F280N flux is concentrated in dramatic radial
structures in the gas beyond the edges of the bipolar Ho-
munculus lobes (Figure 5). The Mg ii emission just outside
the SE (approaching) lobe bears the hallmarks of so-called
“God rays” — such as seen at the edges of terrestrial clouds
or mountains — due to shadows cast by opaque dust features
on the lobe surface. This important phenomenon seems to
isolate soft UV emission from the central star as the source of
exciting resonantly scattered photons (see above). The Mg ii
emission structures outside the NW (receding) lobe may also
result from opaque dust features on that lobe, though the
morphology is more filamentary, reminiscent of the spiked
hair of a troll doll.
A second interesting feature is the dark rim right at the
edge of the SE lobe where there is a ∼0.5′′-wide deficit of
Mg ii emission. There may be an isolated example of a simi-
lar dark edge at one position at the bottom of the NW lobe,
but in general there is no similarly prevalent dark feature
around the edge of the NW lobe. The origin of this dark
edge of the SE lobe and the general lack of a similar feature
at the edge of the NW lobe is unclear. One possibility is
that it is either a shadow or absorption caused by high op-
tical depths at the limb-darkened edge of a thin and dense
gas shell immediately outside the Homunculus lobes. Alter-
natively, Mg ii emission could be absent at this location, in
principle, because Mg atoms in a thin layer on a skin outside
the Homunculus lobes are either predominantly ionized to
Mg++ or have recombined to be mostly neutral Mg0.
Although the specific features traced by Mg ii emission
outside the polar lobes have not been seen in any previous
imaging of η Car, some observations have suggested the ex-
istence of a possibly related polar shell or bubble outside
the SE polar lobe. Optical and IR long-slit spectra have re-
vealed blueshifted absorption from a thin (unresolved ve-
locity width much less than the expansion speed of sev-
eral hundred km s−1) polar structure outside the Homuncu-
lus SE polar lobe seen in Ca ii HK absorption and He i
λ10830 absorption (Davidson et al. 2001; Smith 2002a), as
well as narrow Hα and [N ii] emission (Currie et al. 2002;
Smith et al. 2003a; Mehner et al. 2016) and near-IR [Fe ii]
emission (Smith 2002a, 2006). As noted in the Introduction,
Currie et al. (2002) referred to this structure as the “Ghost
shell”. This structure does not appear to extend spatially
beyond the border of the SE lobe, and its velocity structure
suggests that it is a thin bubble. It is therefore not coincident
with the Mg ii emission structures that are seen to extend
more than 5′′ outside the polar lobes in images, and cover
a wide range of radii (thus suggesting a range of expansion
speeds in a Hubble-like flow). Nevertheless, both structures
are outside the SE polar lobe and inside the radius of the
ragged [N ii]-emitting shell seen as the S Ridge and S con-
densation, so they may be physically related. Based on its
velocity structure and spatial location, the Ghost Shell ap-
pears to be limited to a smaller range of radii at the the
outer boundary of the SE polar lobe, perhaps related to
the dark edge of the SE lobe seen in Mg ii. Long-slit UV
spectra of this faint Mg ii emission outside the polar lobes
are needed to further investigate its velocity structure and
possible kinematic relationship to the Ghost Shell.
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4.3 Equatorial Mg II Emission
Another dramatic feature seen in Mg ii emission is the rev-
elation of complete, possibly organized, jet-like features in
the equatorial debris. The NN Jet has long been interpreted
as a fast-moving column of material with an associated bow
shock (e.g., Meaburn et al. 1993). Its core structure appears
somewhat disembodied at its base in [N ii] F658N images,
and even more ragged in F336W and other continuum-
dominated images. However, the Mg ii emission from the
NN Jet core is brightest at the base and can be traced all the
way back to the Homunculus equatorial region as a smooth
and contiguous beam of UV light.
Likewise, the S Condensation on the opposite side of the
Homunculus from the NN Jet has long been recognized as a
shock interface between fast ejecta and circumstellar mate-
rial (Dufour et al. 1999). While there were faint indications
of connected material in the [N ii] and blue continuum im-
ages back toward the central star (Morse et al. 1998), the
Mg ii emission again shows a bright, contiguous column of
material connecting the outer portions of the S Condensa-
tion all the way back to the Homunculus equatorial skirt.
Moreover, there is another well-defined thin column of light
just south of the S Condensation column, rotated by ∼15◦.
These two radial beams of UV light seem to outline a dense
clump of shadowing dust in the equatorial skirt, located 4′′
west and 2′′ south of the central star.
Thus the Mg ii data show emphatically that the NN
Jet and S Condensation are the same phenomenon, charac-
terized observationally by a contiguous beam of resonantly
scattered Mg ii emission connecting to fast-moving, shocked
condensations in the Outer Ejecta. These appear to be very
special directions in the equatorial plane.
Do these radial UV beams appear because that is where
dense material lies in the outer parts of an equatorial skirt,
or do we see them because they are akin to searchlights, ex-
tending from a hole at smaller radii where UV light escapes?
Their smooth and perfectly radial structure seems to imply
the latter, as with the streaked Mg ii emission over the po-
lar lobe regions outside the Homunculus. On the other hand,
there are indeed dense, shocked gas structures at the termi-
nus of each of the beams of UV light, and the NN Jet even
includes a well-defined bow-shock structure that surrounds
the end of that UV beam. The clumpy, dense [N ii]-emitting
structure in the same directions indicate that there is in-
deed a dense outflow of fast-moving material here. Taken
together, the fast, shocked [N ii]-emitting knots in the S
Condensation and NN jet, and the Mg ii beams, may sug-
gest that dense knots of fast-moving gas blasted through
the equatorial torus in these directions, leaving a tunnel in
their wake through which radial beams of near-UV light can
now escape. The escaping beams of UV light require that
whatever may have punched these holes in the equatorial
torus, the prominent holes in these special directions have
persisted since the Great Eruption.
In fact, the dense equatorial waist of the Homunculus
is seen at long mid-IR to submm wavelengths to be a dis-
rupted and clumpy toroidal structure (Chesneau et al. 2005;
Smith et al. 2002; Smith 2005; Smith et al. 2018c), making
it likely that UV starlight is blocked in most azimuthal direc-
tions, but may escape between clumps in certain preferred
directions. The current surviving companion to η Car is on
a very eccentric orbit with a known orientation in 3-D space
(Madura et al. 2012). Interestingly, it has been noted that
these two directions of the S Condensation and NN Jet, re-
spectively, correspond to directions where this companion
star might have plunged into and out of a disk around the
erupting star (Smith et al. 2018b,c), if such a disk were re-
sponsible for pinching the waist of the Homunculus during
the Great Eruption.
We note that there is also faint, diffuse Mg ii emission
located outside the Homunculus at locations that seem to
coincide with latitudes within very roughly ±45◦ above and
below the equatorial plane, corresponding to mid-latitudes
of the Homunculus. As with the Mg ii in the polar direc-
tions, this diffuse emission is bounded at its inner edge by
the Homunculus and bounded on its outer edge by the bright
[N ii] shell. It is, however, much fainter than the emission
near the polar axes.
4.4 Mg II emission, shocked [N II] emission, and
X-rays
Figure 6 shows the same 3-color HST image from Figure 2,
but superposed upon the extended X-ray emission from
η Car detected by the Chandra X-ray Observatory, with
the X-ray emission shown in purple. Although this image
includes 0.5-7 keV flux, most of the extended X-ray emis-
sion is concentrated in the softer X-ray band at 0.5-1 keV
(Seward et al. 2001; Corcoran et al. 2004; Hamaguchi et al.
2014).
The main shell of extended X-ray emission marks a
shock front between the fastest N-rich ejecta and an an-
cient pre-euption wind. N abundances are higher inside X-
ray shell and lower outside it (Smith & Morse 2004). More-
over, the fastest Doppler shifts in the Outer Ejecta are seen
from diffuse N-rich filaments inside the soft X-ray shell that
can only be detected in spectra (Smith 2008), whereas the
dense knots and clumps seen in F658N images with HST are
slower (Mehner et al. 2016; Weis et al. 2001, 1999) and arise
from eruptions 300 or 600 years before the Great Eruption
(Kiminki et al. 2016). This suggests that the main soft X-ray
shell is truly a blast wave from the Great Eruption, making
the shocked shells surrounding η Car somewhat analogous
to a low-energy SNR. The kinematics and geometry of the
Outer Ejecta are complicated, originating from a series of
previous eruptions. Kiminki et al. (2016) and Mehner et al.
(2016) have recently discussed the structure and kinematics
of the Outer Ejecta in detail.
Since the main X-ray shell seen at relatively large radii
is now crashing into ejecta from previous eruptions, one can
assume that it has largely cleared away the older material
that may have been located closer to the star in the past.
The vast majority of ejecta inside the X-ray shell was ejected
more recently, either during the main event of the 19th
century Great Eruption (Smith 2017; Morse et al. 2001),
in the decades leading up to that eruption (Kiminki et al.
2016), or minor eruptions afterward (Smith et al. 2004a;
Dorland et al. 2004). As noted earlier, the Mg ii-emitting
structures discovered here are sandwiched in between the
Homunculus (with a well-determined ejection date of 1847)
and the bright [N ii]-emitting Outer Ejecta in the S Ridge
and similar features, which have dates of origin from proper
motions that are either associated with the Great Eruption
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or within decades before the 1840s (Kiminki et al. 2016).
Moreover, there is a clear deficit of X-ray emission at the
locations of the brightest Mg ii, emission itself, indicating
that there is not a strong gradient in the velocity or char-
acteristic age of material at this position (i.e., the Mg ii
emission arises from gas in free expansion, and does not
arise at a shock interface where fast young material collides
with slower older material). We therefore conclude that the
Mg ii-emitting structures were most-likely ejected by the
star either in the main event of the Great Eruption, or per-
haps in the decades leading up to it. If so, its expansion
speed away from the star should be similar to or somewhat
faster than the expansion of the polar lobes of the Homuncu-
lus (Smith 2006), moving at 650 km s−1. This would suggest
that the Mg ii structures are moving at roughly 700−1000
km s−1 based on their location. Proper motions from a sec-
ond epoch of F280N imaging and/or Doppler velocities from
Mg ii λ2800 spectra are needed to more tightly constrain
the speed and time of origin of the Mg ii, features. The kine-
matics of this material could be of great interest if Mg ii
structures probe the polar mass-loss of η Car in the decades
leading up to the Great Eruption. This may offer an impor-
tant diagnostic of the star system’s growing instability, espe-
cially in the context of a possible merger event (Smith et al.
2018b; Portegies Zwart & van den Heuvel 2016).
4.5 Another connection to SLSNe
The violent, impulsive mass ejection exemplified by η Cari-
nae in its 19th century eruption has been compared to the
extreme pre-SN mass-loss of some SNe that show signatures
of very strong shock interaction with circumstellar material,
including SNe of Types IIn and Ibn (see Smith 2014). Most
notable among these are the cases of several super-luminous
SNe of Type IIn, such as the well studied cases of SN 2006gy
and SN 2005tf (Smith et al. 2007, 2008). The physical pa-
rameters of their impulsive pre-SN mass loss events include
massive shells (∼20 M⊙) ejected at speeds of hundreds of
km s−1, for which the only known precedent in nearby stellar
populations is the Great Eruption of η Car.
In a recent study of the Type Ic super-luminous super-
nova iPTF16eh, Lunnan et al. (2018) discovered an unusual
Mg ii resonance light echo associated with the event. From
the evolution of this Mg ii echo, those authors inferred the
existence of a massive, detached (0.1 pc) circumstellar shell
ejected in an impulsive mass-loss event decades before the
SN. Interestingly, they drew some comparisons to the neb-
ula around η Carinae, although there are differences as well
(for instance, those authors infer a spherical geometry for
the shell, unlike the bipolar ejecta around η Car). Spectra
of iPTF16eh indicated that the SN photosphere itself was
hydrogen poor (Lunnan et al. 2018), but the H abundance
in the detached shell is not yet known because so far it is
only seen in resonance scattering of Mg ii; its composition
might be constrained by forthcoming observations obtained
if/when the fast SN ejecta overtake and shock the detached
shell. Although we would not necessarily expect the Mg ii-
emitting structures around η Car to maintain the same level
of ionization if η Car were to explode as a super-luminous
SN, we nevertheless found it noteworthy that both η Car
and an SLSN have dense shells seen in the unique tracer of
near-UV Mg ii resonant scattering.
4.6 Mass of unshocked, neutral gas from Mg II
emission
Since the structures seen here for the first time in resonant
scattering of Mg ii λ2800 are not seen in any other previous
imaging of η Car, and are presumably dominated by neu-
tral atomic gas, we cannot estimate their mass via normal
diagnostics like thermal-IR dust emission or molecular emis-
sion, nor via recombination or collisionally excited emission
from ionized plasma. We can, however, make a crude guess
at the gas mass based on the Mg ii emission itself and the
assumption of resonant scattering. Future spectroscopy of
the Mg ii doublet can constrain the line scattering optical
depth as well as the true expansion velocity of the gas. But
for now we can make the rough assumption that for resonant
scattering to be efficient, the optical depth of the brighter
line at 2796 A˚ is probably close to unity, i.e., τ2796 ≈ 1. Fol-
lowing Martin et al. (2013), who made a similar assumption
in an analysis of the Mg ii scattering halos of galaxies, the
Sobolev optical depth can be written as
τ2976 = 4.6× 10
−7cm3s−1 nMg+
(dv
dr
)−1
(1)
where dv/dr is the velocity gradient at the location where
the line scattering optical depth reaches unity, and which
we assume is constant in this case with a Hubble-like flow.
Adopting representative values of v=700 km s−1 for the ex-
pansion speed and r=22,000 AU for the outer radius of the
polar lobes of the Homunculus (Smith 2006), and setting
τ2796=1, we have
nMg+ ≃ 5× 10
−4cm−3
( v
700kms−1
)( r
22, 000AU
)−1
(2)
for the number density of Mg ii scattering atoms, which may
be a conservative lower limit if there is additional mass hid-
den in very optically thick clumps. To convert this to a total
H gas density, we need to correct for the abundance of Mg,
nMg/nH , the ionization fraction of Mg, χ = nMg+/nMg ,
and the fraction of the total Mg atoms that are left in the
gas phase and not depleted onto dust grains, fg = nMg(gas)
/ nMg(total), i.e.,
nH = nMg+
(nMg
nH
χfg
)−1
. (3)
To be conservative, we adopt χ=1, although some fraction of
the Mg may be Mg0 or Mg++. We assume a solar abundance
of Mg, roughly nMg/nH = 4×10
−5. Unfortunately, for the
goal of using Mg emission to constrain the mass, the large
condensation temperature of Mg around 1300 K means that
a large fraction of Mg atoms are typically depleted onto
dust grains (leaving a small value of fg for Mg atoms in
the gas phase), requiring a large and uncertain correction
factor. From studies of the warm and cool atomic gas in the
Galactic ISM, Savage & Semback (1996) estimate values for
Mg in the gas phase of roughly 3% to 13%. Adopting the
larger gas fraction for a conservative estimate, we therefore
find an approximate density of nH ≈ 100 cm
−3. This may
be an underestimate if there are clumps with high optical
depth, or if more significant Mg depletion onto grains leaves
a lower atomic gas fraction of Mg.
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To estimate the total mass of the Mg ii resonance scat-
tering shell around η Car, we have M = mHnHV , where
V = (4/3)pi(R3out −R
3
in) is the volume of a hollow spherical
shell. Taking Rin=22,000 AU as the inner radius (matching
the outer extent of the Homunculus lobes at the pole; Smith
2006) and Rout=30,000 AU as an approximate outer radius,
the derived H density would imply a total mass of roughly
4×1031 g or about 0.02 M⊙. Expanding with a typical speed
of around 800 km s−1, this mass has a total kinetic energy of
around 1.3×1047 erg. We caution that these are very rough,
order of magnitude estimates, although we also noted rea-
sons why they may be conservative underestimates if wrong.
These values are very small compared to the total mass and
kinetic energy budget of the Great Eruption of around 15
M⊙ and 10
50 erg (Smith et al. 2003a; Smith 2006, 2008).
They are comparable, however, to values estimated for the
mass loss of the 1890 Lesser Eruption, which was roughly
0.1 M⊙ and 10
46.9 erg (Smith 2005; Ishibashi et al. 2003).
Putting these mass and kinetic energy estimates in con-
text requires more information about the origin of the gas
in the Mg ii scattering halo. Proper motions and radial-
velocity structure in long-slit spectra are needed for this.
Residing outside the Homunculus polar lobes, it is inter-
esting to speculate that this material might provide some
clues about the mass-loss and instability of the star in the
decades leading up to the peak of the Great Eruption. Spec-
troscopy of light echoes (Rest et al. 2012; Prieto et al. 2014;
Smith et al. 2018a,b) shows relatively low outflow speeds of
150-200 km s−1 in the early phases of the eruption. How-
ever, these echoes view η Car from a vantage point near
the equatorial plane. If there was a dense and slow equato-
rial outflow in early phases, as expected in the scenario of a
binary merger (Smith et al. 2018b), this slow and dense out-
flow would likely dominate spectra, but does not preclude
a somewhat less dense and faster wind in the polar direc-
tion. A polar wind might be expected if the pre-eruption star
was rapidly rotating (Owocki et al. 1996; Owocki & Gayley
1997; Owocki et al. 1998; Dwarkadas & Owocki 2002). The
Mg ii-emitting gas reported here may therefore provide im-
portant and unique clues about η Car’s early mass loss and
instability. Alternatively, the Mg ii-emitting gas may have
some other origin, such as material that leaked through the
clumpy polar lobes due to hydrodynamic instabilities.
5 SUMMARY
We present the first HST/WFC3 UVIS and IR images of
η Carinae. The most significant new result is that a deep
image in the F280N filter, never used before to image η Cari-
nae, shows extended nebular structures outside the bipo-
lar Homunculus nebula that have not been visible in any
previous continuum or emission-line images. The F280N fil-
ter includes Mg ii λλ2796,2803 emission that traces low-
ionization atomic gas (mostly neutral H, low ionization met-
als). It arises from a transition zone that appeared as a void
in previous images, coming from an apparent cavity out-
side the molecular Homunculus polar lobes, but inside the
shock-ionized Outer Ejecta. We note a very striking radially
streaked morphology to the Mg ii emission, and we suspect
that these arise from radial beams of UV light escaping the
clumpy Homunculus. In some cases, dark spaces between
these radial streaks connect back to dense dust clumps in
the polar lobes or equatorial skirt, as if they are long shad-
ows projecting out into the regions outside the Homunculus.
While neutral atomic gas is hard to detect because it
is invisible in most tracers, it may show up well in reso-
nance scattering lines near a strong light source. This fact,
plus the observed Mg ii morphology (including pronounced
radial streaks) and an anticorrelation with emission from
shocked clumps, leads us to propose that resonance scatter-
ing is the dominant emission mechanism giving rise to the
F280N emission outside the Homunculus that we detect. We
derive a mass of around 0.02 M⊙ or more, and an outflow
kinetic energy around 1047 erg for the gas traced by Mg ii.
This is small compared to the total mass and energy budget
of the Great Eruption, although this estimate required as-
sumptions that were chosen to be on the conservative side.
Thus, the quoted mass and energy might be underestimates,
perhaps by as much as an order of magnitude. Nevertheless,
the Mg ii emission may be tracing a component of the out-
flow that provides important clues to the early phases of the
Great Eruption before the main Homunculus polar lobes
were ejected, thus providing information about the building
instability of the star. These mass and energy estimates, and
constraints on the date of origin for the material, can be im-
proved with future HST spectroscopy and proper motions
of the Mg ii emission.
To our knowledge, no other LBVs have been observed
with deep F280N imaging, so we do not know if the Mg ii
nebula around η Carinae is unique. We suspect, though, that
resonance scattering of Mg ii might be a good tracer of
neutral or low-ionization gas in a variety of stellar outflows
where warm gas is bathed in near-UV light, but where the
central star might not be hot enough to fully ionize the out-
flow or not cool enough (or the outflow is not dense enough)
to allow all the CSM to condense into dust and molecules.
One example already mentioned is the case of a Mg ii res-
onance scattering nebula around a distant super-luminous
SN (Lunnan et al. 2018). Another example is the outflows
from protostellar objects, where a shock-ionized component
of the outflow is seen in visible-wavelength emission lines
as Herbig-Haro (HH) jets, and where molecular outflows
are seen at IR and radio wavelengths. Comparing the two,
molecular envelopes generally show a substantial excess of
momentum as compared to the ionized gas in the collimated
jets or bow shocks (e.g. Dionatos & Gu¨del 2016), suggest-
ing a low ionization fraction in the jet outflow and a larger
reservoir of atomic gas. Indeed, comparing Hα to tracers of
low-ionization gas reveals that the ionized gas emitting Hα
can be only a small portion of the jet outflow (Reiter et al.
2015, 2017). Perhaps Mg ii resonance scattering would be a
useful way to trace this low ionization gas in cases that do
not suffer too much foreground extinction.
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